Abstract: In this article, the dynamic Taguchi methodology is applied to the design of a barcode scanner. The concurrent engineering process involves a team of design and manufacturing engineers engaged in both hardware and software aspects of the product. The purpose of this experimental study is to determine the correlation between the outcomes of the conventional design and Taguchi optimization. The main contribution of this work in the design of scanners include: (a) application of the Taguchi methodology to yield an optimum design for scanning and comparing it to the analytical design, and (b) proving the existing opto-mechanical design to be optimum, within the signal processing capabilities. Experimental design using orthogonal arrays is established, and experiments of scanning on different barcode designs are conducted. The ideal function of the dynamic methodology is identified and the control and noise factors are chosen for the experimental design. The signal-to-noise (S/N) ratios and sensitivity are calculated using the equations of dynamic Taguchi methodology. Missing data in experiments, due to the combination of extreme ranges of design parameters, are treated by the sequential approximation method. A theoretical optimum unit is assembled and tested as confirmation of the experimental design, based on the response charts for both S/N ratio and sensitivity. The results of the confirmation experiment show that the performance of the scanner design, based on the criterion of the S/N ratios, has improved.
Introduction
Taguchi methods have been successfully applied to various fields of product design and optimization. In [1] , the methods were applied to optimize the numerical control (NC) machining process. The process developed reduced the standard deviation of machining to 1/10 of the original. In his paper, Wu [2] presented Taguchi methods in 'robust technology' research and development. Later in Ford body engineering department [3] , Taguchi methods were applied to optimize the door sealing and minimize the closing effort of the automotive weatherstrip. Taguchi methods in the area of robotics were used by Gong and Kao [4] to improve the accuracy and repeatability of robot arms. The objective of this article is to introduce and apply quality engineering to the designing of scanner products. Quality engineering deals mostly with the method of how to measure the ability of a product or process performing its ideal function in a robust way. An ideal function is an ideally proportional relationship between the input signal and selected output. Among recent publications, the robust design technology based on Taguchi methodology was presented in [5] . The new 'MahalanobisTaguchi' system in applications of pattern recognition was introduced in [6, 7] with case studies.
The concept of Taguchi methods is based on the parameter design and the application of the signal-tonoise (S/N) ratios [5] [6] [7] . The parameter design is a key to achieving low cost and high quality simultaneously. During the parameter design stage, the control and noise factors are identified. The control factors refer to the design parameters that we can control and will be assigned a two or three levels of design values during experimental design, while the noise factors refer to the factors that we cannot control or do not intend to control. These parameters are organized in a systematic way using the orthogonal array to conduct the experiment. The results of the experiments are calculated and compared via the S/N ratios. The S/N ratio is the measure of mean square deviation from the ideal function. Higher S/N ratios will promote the robustness of the design and should be used. The objective of the methodology that uses the dynamic S/N ratios is to achieve proportional input and output for appropriate applications. In [8, 9] , Taguchi describes that the experimental design is used in three aspects of quality engineering: (1) to perform tuning to the target value, (2) to perform parameter design, and (3) to perform tolerance design.
In this article, we present the application of the Taguchi methods to a scanner product of Symbol Technology, Inc. A team of engineers and managers as well as researchers was assembled to work together for the concurrent engineering product analysis and development [10] . Four barcode symbols, used for the qualification tests of the barcode scanner, were chosen as targets. Code 1, 2, and 4 are binary codes, while code 3 is delta (see Table 4 ). The choice of the control and noise parameters was especially rigorous since it directly determines the outcome of the experiments. The ideal function for dynamic S/N ratio was chosen to be the linear relationship between the actual bar width versus the bar width measured by the scanner. Orthogonal arrays of L 18 (inner array) and L 4 (outer array) types are used to conduct the experiments using quality engineering. Data processing and analysis was aided by the sequential approximation method to treat missing data in experiments, due to the combination of extreme ranges of control factors. The results show that the Taguchi methods can be applied to a complex system design such as the barcode scanner.
Methodology and Theoretical Background
A seven-step procedure has been summarized by Taguchi [9] to obtain dynamic S/N ratio as the most effective measure of robustness of the function. The seven steps are:
1. Identify the ideal function, specifying the input signal, output response, and their ranges. 2. If necessary, break down the system into several subsystems or modules, and specify the ideal function for each subsystem. 3. Predict critical noise factors that sway the actual function from the ideal, and specify the ranges of those noises. 4. Select several signal factor levels and a few noise levels. Usually it is preferable to choose only two points from the noise space by compounding all the selected noise factors into one compound noise factor with two extremes. 5. When the output of the function is not a continuous variable or it is not easy to measure, select some continuous design parameter to measure the magnitude of both signal and noises (operating window concept). 6. Conduct testing and obtain data on either the output or the selected parameter.
7. Calculate an appropriate S/N ratio considering possible tuning or calibration.
The equations for calculating the dynamic S/N ratios will be presented in more details in Section 4, when analyzing the data to obtain S/N ratios.
Orthogonal Arrays and Experimental Design
Typically for a system, there are many design parameters -some can be controlled by selecting design values within a certain range, while others cannot be controlled. If experiments are to be conducted according to the factorial design, the size of the experiment may be prohibitively high when the number of design variables exceeds five. In this regard, the orthogonal arrays are employed to conduct the minimum possible number of experiments [11, 12] . In this case study, we choose the L 18 array (see Table 10 in the Appendix), which has 18 experiments with eight control factors including, one two-level control factor, and seven three-level control factors. The overall orthogonal array (or the product array) consists of inner and outer arrays (see Table 10 ). The inner array includes all control factors; whereas, the outer array is composed of noise factors. In this article, a modified L 4 outer array (see Table 11 ) was chosen to include the compounded noise factors.
Control Factors and Noise Factors
The L 18 inner array in Table 10 has eight control factors. The chosen control factors 1 are listed in Table 1 . These control factors were carefully evaluated and chosen so as to ensure that we have considered all applicable and influential factors of this scanner design. The appropriate choice of performance-based parameters will shed physical insights of S/N ratio when data are analyzed.
Similarly, we identified the noise factors for the Taguchi experimental design, based on the design of the barcode scanner system. These noise factors are the ones that we either cannot control, or do not want to control. For example, the scanner is designed to be used in different parts of the world with conditions ranging from hot and humid to cold or frigid, and under different lighting situations. These are the expected noise 1 The Taguchi methodology requires that the values of the levels of the chosen control factors be specified within the operating range of the system. Here, we use subscripts to denote the individual levels of the control parameters throughout this article to present a general methodology. In actual research and product development, the user will have to identify the actual control factors and establish their range of operation according to their specific application and engineering expertise. Once the ranges and levels of the control factors are established, as those in Table 1 , experiments can be conducted to apply the Taguchi methods.
factors under which scanners need to perform successful scanning. In addition, these noise factors are combined for experimental convenience. With the objective of reducing the number of experiments, we adopted the compounding noise factors in an L 4 (see Table 11 ) outer array with the following three compound noise factors, as listed in Table 2 .
Ideal Function and Measurements
In order to employ the dynamic Taguchi method [5] , an ideal function needs to be identified, together with a reasonable measure that can be correlated to the quality of the system. The determination of an ideal function is based on the knowledge of the system and analysis. For the specific application presented in this article, we adopted the input as the widths of both the bars (black stripes of bars) and spaces (white space between bars) of the barcodes, and the output as the widths measured during successful scans. The ideal function, as defined by the Taguchi methods, is a proportional relationship between the input and the output. The dynamic ideal function
is employed, where is the measured width (output), M is the widths of the bars and the stripes of the barcode (input), and is the sensitivity. The goal is to promote the proportional relationship between the input and the output, so as to render the most robust scanning results using a set of control factors at chosen levels from the Taguchi experimental design. The measurement of the output is expected to capture the significance of the S/N ratio, which represents the ratio between the useful signal to wasteful or unwanted signal. The signals M 1 , M 2 , . . . , M n represent the input signal levels, which correspond to the widths of the measured bars and spaces of the barcodes. The value of n is determined by the total number of bars and spaces in the actual barcode used. Various symbologies of the standard barcodes are used. A software was developed to process the scanned data file and render the measurable widths for calculating S/N ratios.
Experimental Setup and Data Collection
In this section, we present the apparatus for the experiments and data collection.
Preparation of Experiments
For the L 18 experiment, we need to assemble and test 18 scanners, based on the parameters established by the levels of control factors shown in Table 1 . Each experiment represents one row in the L 18 array and requires one scanner to be constructed according to the corresponding levels of parameters. The measurement in each row of the outer array is called a reading. The configuration of the 18 scanners assembled for the experiments is specified by the inner array in Table 10 . Each scanner corresponds to the combination of control factor levels given in the matching line. For example, according to the L 18 inner array, scanner #1 has the following configuration A 1 , B 1 , C 1 , D 1 , E 1 , F 1 , G 1 , H 1 . In order to reduce the time and the cost of the experiment, an L 4 outer array is used to combine the noise factors. A layout of the L 4 outer array for each experiment is shown in Tables 11 and 3 . The four category columns in Table 3 ('Max Forward', 'Min Forward', 'Max Reverse', and 'Min Reverse') for each barcode represent the maximum and minimum values of barcode width readings in forward and reverse directions of scanning, respectively.
Four barcodes with different symbologies are used for conducting the experiments. The experimental setup is illustrated in Figure 1 . A special fixture was designed and fabricated to simplify the testing routines and to make data collection consistent and efficient, as shown in the zoom-in window at the top of Figure 1 . The sunlight simulator is used in experiments according to the L 4 array to control the intensity of sunlight in the testing environment. Four barcodes at different prescribed distances from the scanner are installed, together with an alignment target for calibration. The decoder and the computer-based data acquisition system are used for data collection and subsequent analysis.
Experiments and Data Collection
The scanners were placed in an environmental chamber for 12 h at each environmental noise condition of temperature and humidity. Temperature and humidity stressing was executed for two extreme storage temperature and humidity levels, according to the L 4 design. After going through each environmental condition prescribed by the compound levels, the scanners were placed on the experimental fixture ( Figure 1 ) to gather the scanning data immediately. 
BARCODE #2 (79 bars and spaces)
BARCODE #3 (115 bars and spaces)
BARCODE #4 (29 bars and spaces) The measurements were taken at the ambient temperature, under both room lighting conditions and simulated sunlight conditions. Two qualities of barcodes were used, photographic and photocopied. For each of the four barcodes and each of the 18 experiments, measurements were taken, following the combination of the noise factors prescribed by the L 4 outer array. The entries of L 4 were used to assemble the four product arrays, like the one in Table 10 . Because the dimension of the output arrays were huge, the entries are not listed individually in the tables. A computer program was written to handle the product arrays in analysis.
Data Processing and Analysis
The decoding of data files is done by using a customwritten software based on the decoding algorithm presented in [13] . The main features of the software include:
. Decoding of data files acquired during the experiments; . Returning bar and space widths; and . Printing maximum and minimum values of a successful scan.
The software is executed 288 times, corresponding to the equal number of data files generated by the data acquisition system. In order to capture the variation of the process, the minimum and maximum values of the readings for both directions are treated as distinct input data. These are denoted as the four category columns in Table 3 . Therefore, the number of inputs for each barcode is equal to four times the number of bars and spaces i.e., Max Forward, Min Forward, Max Reverse, Min Reverse). Because of the large amount of data to be processed, the software has been developed to expedite the data processing as well as to minimize the possibility of processing errors. The decoding output is a matrix 4 Â N b , where N b is the number of bars and spaces of the specific barcode. Table 4 lists the properties of the four barcodes used in the experiments.
Equations for Analysis using the Dynamic Taguchi Method
In this article, the ideal function with proportion formulation between the input and the output, as that in Equation (1), is employed with the barcode widths as the input and the scanned widths as the output. In an ideal situation, the input and the output should be the same or be directly proportional to each other. The equations used to calculate the S/N ratios and sensitivity are presented in the following.
The sum of each input, Y j , with j ranging from 1 to n, is
or in the expanded form
. .
where i, j is the measurement from experiments, as recorded in Table 3 , l is the number of compound noises, and n is the number of inputs. Several 'S' values for various sums are obtained with
The variability, which may be used as an indication of the quality of the product design, are defined as Thus, the dynamic S/N ratio and sensitivity (the dynamic ) can be calculated, respectively, as follows
In this article, we use l ¼ 4 and n ¼ 396, 316, 460, and 116 for the four barcodes, respectively, based on the arrangement of the outer array. Equations (2)- (13) are applied to each barcode separately with different values of n. A numerical example for the calculation of S/N ratios and sensitivity is presented in Appendix B for the illustration of analysis. The results for each barcode are shown in Table 5 .
Treatment of Missing Data in Experiments: Sequential Approximation
It is possible that some data in the designed experiments cannot be obtained because of the combination of the extreme range of control factors. Under such circumstances, we need to treat the missing data using the sequential approximation technique before the response table and charts for the S/N ratios and sensitivity can be obtained and plotted. The sequential approximation method employs successive iteration of S/N ratios (or sensitivity) with average values based on the S/N ratios associated with various levels of control factors. The iteration which updates the estimate of the S/N ratio or sensitivity continues until the value has converged. The convergence of such a method is generally very robust. The algorithm is best illustrated using an example with experimental data, as presented in Appendix C.
With the scanner design experiment at hand, we found that some of the scanners were unable to decode all or some of the symbols after environmental stressing. As a result, a total of 17 out of 72 S/N ratios and sensitivity values are missing. The missing data in Table 5 are indicated by zeros. Based on the data in Table 5 , the algorithm of the sequential approximation is applied to the analysis of the data. An example of the application of the sequential approximation technique is illustrated in Appendix C, using the results of S/N ratios of barcode #1. After applying the sequential approximation, the missing data can be replaced by the new values. Table 6 lists the S/N ratios and sensitivity values of the individual barcodes, after applying the sequential approximation technique, as well as the overall values obtained by averaging the results of all four barcodes. The final response table of the Taguchi experimental design, based on the data in Table 6 , can be obtained by employing the Taguchi methodology and averaging the data for each level of the control factors in Table 6 . The response table of both the S/N ratios and sensitivity is in Table 7 .
Results and Discussion
In this section, we analyze and discuss the results of the experimental design and confirmation run. 
Results and Confirmation Run
The response charts can be plotted, based on the results of the S/N ratios and sensitivity in Table 7 . Figure 2 plots the S/N ratios of the levels of the eight control factors, while Figure 3 illustrates the sensitivity.
From the response tables and charts, we find that the most influential control factor is the signal amplitude (factor G), while the least influential is the aperture shape (factor A). The shapes of the response chart reveal that there are interactions among the control factors. From the charts, the optimum design configuration is determined by the levels of the factors with the highest S/N ratios. Thus, the optimal configuration is found to be A 2 B 2 C 3 D 3 E 1 F 1 G 3 H 2 . Note that the signal amplitude also has the largest influence on the sensitivity.
Based on this configuration, the optimal unit was assembled and tested. During the testing of the optimal unit, the limitation on the performance of the scanner was observed when using signal amplitude level three (G 3 ). Therefore, the intermediate signal amplitude level value was selected as the nominal (which is at G 2 level), and the optimal configuration was revised to A 2 B 2 C 3 D 3 E 1 F 1 G 2 H 2 . This optimum unit was chosen and assembled to perform the confirmation run. In addition, one nominal unit based on the current barcode scanner design was also assembled for comparison. Following the same procedure for experiments, the confirmation run was conducted, with results summarized in Tables 8 and 9 .
Discussion
The experimental results of the confirmation run of the optimum design agree with the estimated S/N ratios in general. As shown by the S/N ratios in Tables 8 and 9 of the confirmation run, the predicted and the confirmed values for both optimal and nominal designs are very much in agreement. The absolute difference between the predicted and confirmed values for the optimal configuration is 0.0789 dB (see Table 9 ). The accuracy of prediction is 99.86%. Similarly, the difference for the nominal case is 1.631 dB and the accuracy of prediction 97.04%. The accuracy of the results is an indication of the experimental consistency.
Because each of the four barcodes has different optimal conditions, the optimal unit is a trade-off among all four optimal designs. The experimental results of S/N ratios in Table 8 indicate that the optimal scanner unit performs better for scanning the barcodes #1 and #2, poorer for barcode #4, and nearly the same for barcode #3. The results are obtained by conducting range test on both the optimal and nominal scanner units. The experimental results, as shown in Table 9 , give an overall S/N ratio of 56.84 -a good agreement with the predicted value of 56.92. This suggests that the confirmation experiment, under the designated levels, is consistent with the prediction of the L 18 experiments. Furthermore, the results of the confirmation run show that the performance, based on the S/N ratios, is improved for barcodes #1 and #2, but deteriorated for barcode #4. The results also suggest that barcodes of different optimal conditions may favor one type of scanner instead of the other. In addition, we discovered that signal amplitude level three (G 3 ) did not result in successful scans on barcode #4, although it worked for the other three barcodes. Subsequent analysis shows that the threshold value employed in the software decoding, which was not included as a control parameter in the L 18 experiments, was probably too low to decode the signal under magnified signal amplitude level three during the experiments. At the time of the experimental design, the software parameter of the threshold of signal processing for decoding was not an option for control factor. It is concluded from this research study that such a parameter has to be included in future designs of experiments, in addition to the chosen parameters of hardware design. Furthermore, one other reason why the optimal unit makes only incremental improvements to the barcode scanner design is because the existing scanner design has already been optimized optomechanically and performs very well. This observation was validated by the small variability values in V e , obtained in the data analysis. Hence, improvement can only be made incrementally on this barcode scanner design, and sometimes a trade-off of performance on different barcode designs may be required, as presented in the preceding analysis.
Conclusions
In this article, we apply the dynamic Taguchi methodology to the design of the barcode scanner, and conduct the experimental design using the L 18 orthogonal array. The S/N ratios are calculated using the equations of the dynamic S/N ratios. Missing data, due to the combination of extreme ranges of control factors, are treated by the sequential approximation method. A theoretical optimum unit was assembled, and the confirmation run conducted. The results show very good agreement between the theoretical and experimental results.
Based upon the results of the experiments, we show that the Taguchi methodology yields a similar optimum design as the analytical one, and prove that the existing opto-mechanical design is optimum, within the signal processing capabilities. However, limitation of the methodology as applied to the design of the barcode scanner is found in one standard barcode, though two other barcodes show improved scanning performance as predicted by the S/N ratios. All control factors considered are parameters related to hardware, while the scanning data processing is done in software. In the future application of Taguchi methods to this type of application, the critical software parameters pertaining to signal processing may need to be included. Nevertheless, the analysis of Taguchi Methods on this barcode scanner design reveals that the existing design has very good quality, as evident by the small variability values obtained.
This collaborative project also enjoys a team of concurrent engineering from design to manufacturing, as well as hardware and software engineers, who worked on the application of the Taguchi methods to the design of scanners. The inner array L 18 and the outer array L 4 employed in this paper are tabulated in Tables 10 and 11 . The choice and arrangement of the control factors and noise factors are presented in Section 2.2.
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B. Example for the Calculation of S/N Ratios and Sensitivity
Using the experimental data in Table 12 , we illustrate with a numerical example, the calculation of the S/N ratios and sensitivity. First of all, we have r 0 ¼ l ¼ 4 and n ¼ 396 for barcode #1. The calculation 
À7
The parameter 'f ' in the above equations denotes the degree of freedom of the data in each applicable Table 10 . Product array having the L 18 inner orthogonal array with eight control factors attached to the left side. The first factor, A , is two-level and the remaining seven control factors, B to H, three-level. M is the input, N is the compounded noise, is the measured output and n is the number of inputs.
calculation. Therefore, the dynamic S/N ratio and the sensitivity (dynamic ) are In this section, the sequential approximation method will be illustrated using the example of the results of experiments on the barcode #1.
The missing data is at experiment eight, where the S/N ratio is recorded as '0' in Table 13 . The average of the remaining 17 nonzero S/N ratios, "
, is calculated as follows: As the initial value for the first iteration in applying the sequential approximation method, the value of " obtained in Equation (14) will be applied to replace the missing data. Using the new value, " ¼ 61.79 for the eighth data, the S/N ratios for each level of the control factors are calculated and tabulated in the response table, as shown in Table 14 .
In order to continue the iteration to the next estimate of the S/N ratio for the missing data, we find the difference between the high and low S/N ratios associated with the eight factors, A-H, and order them based on the magnitude of the difference/gap. This is listed in Table 15 . Next, we pick half of the factors with the largest gap or difference (G, C, E, B, in this case). These four factors have a larger influence on the outcome of the sequential approximation. The estimate of the missing data for the next iteration will be adopted as the difference between the sum of the four control factors 2 corresponding to the specific levels of the control factors of eighth data entry, 3 and three times the grand average, T. That is, the estimate of the S/N ratio for the next iteration is
The four control factors G, C, E, and B have the largest effect (gap) listed in Table 15 . 3 According to the L 18 array in Table 10 , the eighth data entry has the following arrangement of levels of control factors: A 1 B 3 C 2 D 3 E 2 F 1 G 3 H 1 . Table 13 . The list of the 18 S/N ratios of barcode #1 from experiments (see the first data column of Table 5 ). The entry of '0' S/N ratio in the eighth experiment indicates a missing S/N value corresponding to the missing experimental data. where the grand average of the 18 S/N ratios from Table 13 The new value of 8 ¼ 62.12 will be adopted for the next iteration. The same iteration procedure will be repeated until convergence is reached; that is, when the S/N ratio do not change much with further iteration. Repeating this iterative process until convergence is reached, the S/N ratio, 8 , can be obtained to replace the missing data entry, as listed in Table 16 . If more than one experimental data are missing (for example, the S/N ratios of barcode #2 in Table 5 ), the same procedure that was illustrated in the example above can be employed on all missing data entries. Once a data entry has converged, the iteration for that particular data can be stopped, while proceeding with the remaining data entries until they all converge. 
